* Both authors contributed equally to this work Alaska pollack protein (APP) reduces serum triacylglycerol and body fat accumulation by the enhancement of basal energy expenditure through fast-twitch muscle hypertrophy in rats. However, the effects of APP on brain function have not yet been clarified. In the present study, we investigated the effects of orally administered APP on the brain levels of 3-methoxy-4-hydroxyphenylglycol (MHPG), which is a metabolite of norepinephrine (NE) and can be used as an index of NE activity, in fasting chicks. Fasting stress significantly decreased plasma glucose, uric acid, triacylglycerol, proline and ornithine while MHPG levels in the brain and plasma corticosterone concentration were not affected. APP dose-dependently decreased MHPG level in the diencephalon, telencephalon and optic lobe. Plasma uric acid, alanine, β-alanine, arginine, anserine, aspartate, asparagine, glycine, histidine, isoleucine, leucine, lysine, 1-methylhistidine, 3-methylhisitidine, ornithine, proline, taurine and valine were dose-dependently increased with the increase of APP. It has been reported that some of them are known to centrally reduce the stress-induced behaviors of chicks. These results suggest that orally administered APP could influence brain NE activity through increase in amino acids to protect against stress conditions.
Introduction
Alaska pollack protein (APP) enhances basal energy expenditure by fast-twitch muscle hypertrophy and reduces serum triacylglycerol and body fat accumulation in rats (Mizushige et al., 2010) . On the other hand, supplementation of fish protein hydrolysate arising mainly from cod and mackerel was reported to attenuate restraint stress-induced plasma norepinephrine (NE) and epinephrine increases in rats (Bernet et al., 2000) . Therefore, it can be hypothesized that APP, even in a non-hydrolysate, could also influence brain functions, especially those related to the regulation of stress response. To verify this hypothesis, as a preliminary experiment, we investigated effects of orally administered APP or casein (from 2 to 6 days old, twice a day, 1, 000 mg/10 ml/kg) on the diencephalon 3-methoxy-4-hydroxyphenylglycol (MHPG) levels of 7 days old chicks under both ad libitum feeding and fasting (6 h) conditions. Significant increase of MHPG by fasting was observed in the casein groups but not in the APP groups (unpublished data). Therefore, we speculate that APP could decrease brain MHPG levels in the fasted condition. In the present study, to clarify the effects of APP further, we investigated the effects of single oral administration of APP on brain MHPG levels in fasting chicks. To focus on the effect of APP on the stress response, we used fasting as a stressful condition same as the preliminary experiment. MHPG is a major metabolite of NE in the brain and a reliable index of the central NE activity (DeMet and Halaris, 1979) . To regulate brain NE activity is important, since several types of stressors have been linked to the increase of NE activity, namely increases in the MHPG level (DeMet and Halaris, 1979) . We previously confirmed that 6 h fasting significantly increased MHPG levels in the diencephalon and telencephalon of chicks (Hamasu et al., 2012) and same tendency was observed in the preliminary experiment as shown above. Therefore, we chose 6 h fasting treatment and selected brain MHPG level as a good marker for this stress. We also focused on amino acids in APP, as several amino acids such as L-alanine (Kurauchi et al., 2009) , β-alanine (Tomonaga et al., 2004) , L-arginine (Suenaga et al., 2008a) , L-aspartate (Yamane et al., 2009b) , L-asparagine (Yamane et al., 2009b) , L-glutamate (Yamane et al., 2009a) , glycine (Shigemi et al., 2008) , L-lysine (Takagi et al., 2001) , L-ornithine (Suenaga et al., 2008b) , L-and Dproline (Hamasu et al., 2010) and L-serine (Asechi et al., 2006 (Asechi et al., , 2008 Shigemi et al., 2008) function to reduce stressinduced behaviors in chicks. Therefore, changes in amino acid metabolisms were also investigated by measuring plasma free amino acids. The influence of fasting on plasma corticosterone, an index of stress response through the hypothalamic-pituitary-adrenal axis (HPA-axis), was determined in the present study. Plasma glucose, triacylglycerol, total cholesterol, total protein uric acid, calcium and glutamic oxaloacetic transaminase (GOT) were also examined, since they reflect on various metabolisms, and the effects of fasting and/or other effects of APP were observed.
Materials and Methods

Animals and Drugs
Day-old male chicks (Julia strain) were purchased from a local hatchery (Murata Hatchery, Fukuoka, Japan). The chicks were maintained in a room with continuous lighting at a temperature of 29±1℃. Food (Toyohashi Feed and Mills, Aichi, Japan) and water were freely accessible. The chicks were reared in a group. The chicks were placed individually in cages and allowed to habituate for one day before the experiments were begun. The birds were distributed into experimental groups based on their body weight so that the average body weight of each group was as uniform as possible. Experimental procedures followed the guidance for Animal Experiments in Faculty of Agriculture and in the Graduate Course of Kyushu University and the Law (No. 105) and Notification (No. 6) of the Government in Japan.
Alaska pollack (Theragra chalcogramma) fillets (Nippon Suisan Kaisha, Ltd., Tokyo, Japan) were used as the APP source in this study. The fillets were freeze-dried and ground. The fat component was extracted using hot ethanol (65℃, 30 min×2) and removed by filtration. The remaining ethanol was dried with a vacuum dryer (60℃, about 24 h). Triethylamine and sodium acetate trihydrate were purchased from Wako (Osaka, Japan). Sodium-1-octane sulfonate was purchased from Nacalai Tesque (Kyoto, Japan). Disodium ethylenediaminetetraacetic acid was purchased from Dojindo (Kumamoto, Japan). All other drugs for which no manufacturer is noted were purchased from Sigma (St. Louis, USA). At 7 days of age, all chicks except those in the intact group were made to fast for 5 hours. Then, the birds were orally given distilled water containing 0.5% sodium carboxymethyl cellulose (Wako, Osaka, Japan) (10 ml/kg, control) or APP (250, 500 or 1,000 mg/10 ml/kg). The number of birds used in each group was seven or eight. After 1 hour of further fasting except for the chicks in the intact group, all birds were killed after being anesthetized with isoflurane (Mylan Inc., Tokyo, Japan), and the blood and brains (diencephalon, telencephalon and optic lobe) were collected. Blood taken from the jugular vein was collected into heparinized tubes. The blood was centrifuged at 10,000 x g for 10 min, and the plasma was removed. These samples were stored at −80℃ until being assayed.
Component Analysis of APP
Nutritional analyses of APP sources were performed by Japan Food Research Laboratories (Tokyo, Japan) as in a previous report (Mizushige et al., 2010) . Amino acids derived from protein and free form, energy, protein, fat, water and ash were determined.
Analysis of MHPG in the Brain
To investigate the influence of APP on the brain NE activity, brain MHPG levels were analyzed using a previously described method with some modifications. Briefly, the brain was weighed and homogenized in 0.2 M ice-cold perchloric acid. The homogenate was cooled using ice for 30 min for deproteinization. The homogenate was centrifuged at 20,000 x g for 5 min at 4℃. Next, the pH of the supernatant was adjusted to approximately 3.0 by adding 1 M sodium acetate. The sample was filtered through a 0.2-μm filter (Millipore, Bedford, USA). The 30-μl filtrate was analyzed using a high performance liquid chromatography (HPLC) system (Eicom, Kyoto, Japan) with a 150×3. 0 mm octadecyl silane (ODS) column (SC-5ODS, Eicom) and electrochemical detector (ECD-300, Eicom) at an applied potential of ＋750 mV versus an Ag/ AgCl reference analytical electrode. The changes in electric current (nA) were recorded in a computer using an interface system (Power Chrom ver 2.3.2.J; AD Instruments, Tokyo, Japan). The mobile phase was composed of aceto-citric acid buffer (pH 3.5, 0.1 M), methanol, sodium-1-octane sulfonate (0.46 M) and disodium ethylenediaminetetraacetic acid (0.015 M) (830:170:1.9:1) at a flow rate of 0.5 ml/min. The concentrations of MHPG were determined, and their levels in the brain were calculated. The detection limit of MHPG was 0.1 pg/sample.
Analysis of Free Amino Acids and Dipeptides in APP and Plasma
The method of sampling for the dipeptides (carnosine and anserine) and amino acid analysis was performed as has been described elsewhere (Tomonaga et al., 2007) with some modifications. APP was homogenized in 0.2 M ice-cold perchloric acid, and the homogenate was cooled on ice for 30 min for deproteinization. The homogenate was centrifuged at 20,000 x g for 15 min at 0℃. Next, the pH of the supernatant was adjusted to approximately 3.0 by adding 1 M sodium acetate. Plasma was deproteinized by filtration through a 10,000 dalton molecular weight cut-off filter (Millipore, Bedford, USA) via centrifugation at 10,000 x g for 60 min. The samples (10 μl) were then completely dried under reduced pressure. Dried residues were resolved with 20 μl of 1 M sodium acetate-methanol-triethylamine (2: 2: 1) solution. Samples were re-dried, and resolved in 20 μl of derivatization solution [methanol-water-triethylamine-phenylisothiocyanate (7:1:1:1)]. A period of 20 min at room temperature was allowed for the reaction of phenylisothiocyanate with amino groups to produce phenylthiocarbamyl amino acid Journal of Poultry Science, 49 (3) residues. The samples were dried again. The dried samples were resolved with 100 μl of Pico-Tag Diluent (Waters, Milford, USA). These diluted samples were filtered through a 0.2-μm filter (Millipore, Bedford, USA). The same method was applied to standard solutions prepared by diluting a commercially available L-amino acid solution (type AN II and type B; Wako, Osaka, Japan) with distilled water. These derivatized samples (10 μl) were analyzed using a Waters HPLC system (Pico-Tag free amino acid analysis column (3. 9×300 mm), Alliance 2690 separation module, 2487 dualwavelength UV detector, and Millennium 32 chromatography manager; Waters, Milford, USA). They were equilibrated with buffer A [70 mM sodium acetate (pH 6.45 with 10% acetic acid) -acetonitrile (975: 25)] and eluted with a linear gradient of buffer B [water-acetonitrile-methanol (40: 45:15)] (0, 3, 6, 9, 40, and 100%) at a flow rate of 1 ml/min at 46℃. The absorbance at 254 nm was measured, and 28 amino acids (alanine, arginine, β-alanine, asparagine, aspartate, citrulline, cysthationine, γ-aminobutyric acid (GABA), glutamine, glutamate, glycine, histidine, hydroxyproline, isoleucine, leucine, lysine, methionine, 1-methylhistidine, 3-methylhistidine, ornithine, phenylalanine, proline, serine, taurine, threonine, tryptophan, tyrosine and valine) and dipeptides (carnosine and anserine) were determined.
Analysis of Plasma Biochemical Parameters
The plasma biochemical parameters (glucose, triacylglycerol, total cholesterol, total protein uric acid, calcium and GOT) were determined using the Fuji Drychem-7000 (Fuji Medical Systems, Co. Ltd., Tokyo, Japan). Plasma corticosterone concentration was determined using the Corticosterone Enzyme Immunoassay Kit (Enzo Life Sciences, Inc., New York, USA).
Statistical Analysis
Regression equations were fitted for the dose of APP and each parameter. All data were statistically analyzed by oneway analysis of variance (ANOVA), and the Tukey-Kramer test was done as a post hoc test. Differences were considered significant for P＜0.05. Values are presented as means ± SEM. Statistical analysis was performed using a commercially available package, StatView (Version 5, SAS Institute, Cary, USA, 1998). All data were first subjected to the Thompson rejection test to eliminate outliners (P＜0. 01). The remaining data were then used. Table 1 shows the amino acid composition and nutritional analysis of APP. We did not discriminate between L-and Dform amino acids because our analytical system could not separate the optical isomers of amino acids. Table 2 indicates the free amino acid and dipeptide concentrations of APP. Fig. 1 gives the effects of the oral administration of APP all three brain regions, significant negative correlations were observed between the dose of APP and MHPG levels, suggesting that APP was effective to reduce brain MHPG levels. Table 3 shows the effects of APP on plasma biochemical parameters. Glucose, triacylglycerol and uric acid were significantly decreased by fasting. Among them, only uric acid was recovered to the intact level by APP in a dose-dependent fashion. Corticosterone tended to increase due to fasting, but the effect could not be canceled by APP. Fig. 2 and Tables 4 and 5 show the effects of oral administration of APP on the plasma free amino acid and dipeptide levels. Only the results in which significant effects were detected are shown. There were significant effects in proline (F(4, 31)＝7.258, P＜0.0005), ornithine (F(4, 30)＝11.657, P＜0. 0001) and histidine (F (4, 29) ＝7. 109, P＜0.0005) among the treatments (Fig. 2 ). There were positive correlations between dose of APP and proline, ornithine and histidine (Fig. 2) , implying that these three amino acids increased with the increase in APP levels. There were also significant effects and/or positive correlations in alanine, β-alanine, arginine, anserine, aspartate, asparagine, glycine, isoleucine, leucine, lysine, 1-methylhistidine, 3-methylhisitidine, taurine and valine (Tables 4 and 5 ). Plasma carnosine could not be detected in this analytical system.
Results
Discussion
In the present study, it was clear that the oral administration of APP reduced brain MHPG levels in a dose-dependent manner (Fig. 1) . Therefore, APP can influence brain functions, and the mechanisms of this influence may be involved in the reduction of central NE activity.
To clarify the function of APP, we focused on plasma metabolites. Compared to the intact group (ad libitum feeding group), the control group (fasting and distilled water injection) showed significantly decreased plasma glucose, triacylglycerol and uric acid levels (Table 3) . Only uric acid was recovered by APP in a dose-dependent manner. Uric acid is a major end product of nitrogen metabolism in birds. Therefore, it is reasonable that the intake of fish protein APP increased plasma uric acid in the fasting chicks. The results also suggest that APP could not influence glucose or lipid metabolism in the short-term (6 h) fasting conditions. Plasma corticosterone tended to increase due to fasting while APP did not influence corticosterone concentration. On the other hand, the MHPG levels in all brain regions did not increase significantly due to fasting, while these levels were decreased by APP. These results may suggest that the fasting stress in our experimental condition was not severe. In the previous study, 6 h fasting increased brain MHPG levels in 5 or 6 days old chicks (Hamasu et al., 2012) . Same tendency was observed in our preliminary experiment (7 days old chicks and 6 h fasting) as shown in the introduction session. Therefore, present results are inconsistent with these previous studies.
Fasting condition in the present study was somehow different from the previous studies because oral administration was done during fasting while there is no treatment during fasting in the previous studies. Therefore we speculate that this might influence the results. Further studies are needed to clarify this hypothesis. Accordingly, we could not judge the effects of APP under severe stress conditions from the present study. Brain NE regulates various brain functions and/or behaviors in chicks. For example, NE in the brain regulates food intake , isolation stress-induced behaviors and sleep-like behavior (Zhang et al., 2003) . Furthermore, it could inhibit HPA-axis (Zhang et al., 2003) . Therefore, decrease of NE activity may be linked not only to the stress response but also to other brain functions and/or behaviors. Further studies are needed to clarify the precise relationship between APP and NE in the brain.
Several amino acids in the plasma were influenced by APP. In particular, fasting decreased proline, ornithine and histidine, and the reductions were rescued by APP in a dosedependent manner (Fig. 2) . L-and D-proline (Hamasu et al., 2010) and L-ornithine (Suenaga et al., 2008b) could centrally reduce stress-induced behaviors in chicks. Therefore, fasting-induced stress responses not only in the peripheral tissues but also in the brain may be reduced via proline and/or ornithine by APP. Alanine, β-alanine, arginine, anserine, aspartate, asparagine, glycine, isoleucine, leucine, lysine, 1-methylhistidine, 3-methylhisitidine, taurine and valine were increased by APP in a dose-dependent manner (Table 5 ). The levels of these amino acids were relatively high compared to other amino acids or dipeptides in APP (Tables 1 and 2 ), which makes it easier to increase their levels in plasma. Among these amino acids, it has been reported that L-alanine (Kurauchi et al., 2009) , β-alanine (Tomonaga et al., 2004) , L-arginine (Suenaga et al., 2008a) , L-aspartate (Yamane et al., 2009b) , L-asparagine (Yamane et al., 2009b) , glycine (Asechi et al., 2006; Shigemi et al., 2008) and L-lysine (Takagi et al., 2001) in the brain are functional enough to reduce stress-induced behaviors in chicks. Therefore, these amino acids may influence brain functions in chicks, but the relationships between these amino acids and MHPG have not yet been clarified. On the other hand, the present analytical system could not separate L-type amino acid from D-type amino acid. In previous studies, the central effects were different between amino acid isomers such as L-and D-proline (Hamasu et al., 2010) , Land D-cysteine (Yamane et al., 2009c) and L-and D-serine (Asechi et al., 2006) in chicks. Therefore, to investigate the effects on amino acid metabolism more precisely, other analytical systems that can separate and quantify amino acid isomers would be necessary. Furthermore, not only plasma but also brain amino acid metabolisms should be investigated, because it was unclear from the plasma amino acid concentration what quantity of amino acids could be transported into the brain. Further studies are needed to clarify the mechanisms more precisely.
We mainly investigated the effects of APP. To clarify whether these effects were specific to APP or not, comparisons with other types of protein, such as other animal proteins, casein and other types of fish protein will be necessary. In conclusion, orally administered APP could influence the brain functions that could be linked to stress. The relationship of APP to NE and amino acid metabolism, and whether APP can be effective not only under fasting stress but also under other types of stress are worth investigating in the future.
